We use the EMAC (ECHAM/MESSy Atmospheric Chemistry) global model with the aerosol module MADE (Modal Aerosol Dynamics model for Europe, adapted for global applications) to quantify the impact of transport emissions (land transport, shipping and aviation) on the global aerosol. We consider a present-day (2000) scenario according to the CMIP5 (Climate Model Intercomparison Project Phase 5) emission data set developed in support of the IPCC (Intergovernmental Panel on Climate Change) Fifth Assessment Report. The model takes into account particle mass and number emissions: The latter are derived from mass emissions under different assumptions on the size distribution of particles emitted by the three transport sectors. Additional sensitivity experiments are performed to quantify the effects of the uncertainties behind such assumptions. The model simulations show that the impact of the transport sectors closely matches the emission patterns. Land transport is the most important source of black carbon (BC) pollution in the USA, Europe and the Arabian Peninsula, contributing up to 60-70 % of the total surface-level BC concentration in these regions. Shipping contributes about 40-60 % of the total aerosol sulfate surface-level concentration along the most-traveled routes of the northern Atlantic and northern Pacific oceans, with a significant impact (∼ 10-20 %) along the coastlines. Aviation mostly affects aerosol number, contributing about 30-40 % of the particle number concentration in the northern midlatitudes' upper troposphere (7-12 km), although significant effects are also simulated at the ground, due to the emissions from landing and take-off cycles. The transport-induced perturbations to the particle number concentrations are very sensitive to the assumptions on the size distribution of emitted particles, with the largest uncertainties (about one order of magnitude) obtained for the land trans-port sector. The simulated climate impacts, due to aerosol direct and indirect effects, are strongest for the shipping sector, in the range of −222.0 to −153.3 mW m −2 , as a consequence of the large impact of sulfate aerosol on low marine clouds and their optical properties.
Introduction
Emissions from the land transport, shipping and aviation sectors have an important effect on atmospheric composition, which results in significant impacts on air quality and climate. According to the IPCC Fourth Assessment Report (Kahn Ribeiro et al., 2007) , transport was responsible for 23 % of global energy-related (mainly energy production, industry, transport, residential and services) CO 2 emissions in 2004 (6.3 Gt CO 2 ) and road transport shared the dominant part (74 %) of this value. The greenhouse gas emissions from the transport sectors have increased more rapidly than those of other energy-consuming sectors in the recent decade: the contribution from transport to the total CO 2 -equivalent emissions (i.e., greenhouse gases considered by the Kyoto protocol) grew by 32 % from 1990 to 2007 in the EU-15 countries, although total anthropogenic CO 2 -equivalent emissions decreased by 5.5 % in these countries (Sausen, 2010) . According to Kahn Ribeiro et al. (2007) , the energy use by global transport is expected to grow further, by about 80 % until 2030 with respect to 2007 levels, at a rate of more than 2 % per year. Developing countries and growing economies will experience the strongest increase, shifting their share from 36 to 46 % between 2007 and 2030 (non-OECD countries) . Hence, the effects of transport-related emissions on atmosphere and climate deserve closer attention.
The combustion of fossil fuels, which supplied 95 % of the energy used in transport in 2001 (Kahn Ribeiro et al., 2007) , leads also to the emission of various types of particulate matter (PM). Aerosol particles can impact climate, by directly interacting with incoming solar radiation and by modifying the microphysical properties and lifetime of clouds (Lohmann and Feichter, 2005) . These effects alter Earth's radiation budget, by reducing or increasing the amount of energy absorbed by the system . Global model studies reveal that aerosol emissions from the land transport sector induce a positive direct radiative forcing (RF). According to the assessment report by Uherek et al. (2010) , this is in the range of 3-31.7 mW m −2 (year 2000) and is mainly due to absorption by black carbon, but these numbers do not include cloud effects. The shipping sector, on the other hand, is characterized by large emission of SO 2 , due to the high sulfur content of ship fuels. The oxidation of SO 2 can lead to the formation of sulfate aerosol particles, which act as cloud condensation nuclei and can therefore modify the microphysical structure of clouds and increase their reflectivity (first indirect or cloud albedo effect; Twomey, 1977) . Model studies (Capaldo et al., 1999; Lauer et al., 2007) suggest that this effect results in a significant cooling, which largely dominates the aerosolinduced global RF from this sector, but the uncertainties inherent to this result are high. According to the assessment by Eyring et al. (2010) , the global indirect RF from shipping is in the range of −600 to −38 mW m −2 (year 2000) . The direct RF of aviation-induced aerosols is probably small compared to other aviation-related effects, such as contrail cirrus (Sausen et al., 2005; Lee et al., 2009) . A recent study by Unger (2011) suggests a direct RF of only a few mW m −2 . However, it is currently debated whether aviation-induced aerosol could affect cirrus cloud formation leading to modifications of cirrus properties (Liu et al., 2009; Hendricks et al., 2011) . Resulting radiative effects are estimated to be of the order of up to 100 mW m −2 , although there is no consensus on the sign.
Aerosol particles also have detrimental consequences for air quality and human health. Fine particles, with diameters smaller than 2.5 µm, are of particular concern, given their ability to penetrate the human respiratory system (Fang et al., 2013) . According to the World Health Organization, more than 2 million global premature deaths each year are attributable to urban air pollution and more than half of them are occurring in developing countries (see Uherek et al., 2010, and references therein) . Transport-related urban air pollution can mainly be attributed to land transport emissions, although shipping also increases the aerosol concentration, especially in the coastal areas and in the vicinity of major harbors . Corbett et al. (2007) estimated that about 60 000 premature deaths each year due to cardiopulmonary and lung cancer diseases can be attributed to PM emission from shipping. Barrett et al. (2010) investigated the health impact of aircraft emissions, considering also the effects of emissions from aircraft at cruise altitude.
They suggest that about 10 000 premature deaths per year are related to this source, which corresponds to about 1 % of airquality-related premature deaths from all sources.
The global impact of the transport sectors on atmosphere and climate has been analyzed in several previous publications, e.g., in the ATTICA assessment reports (Sausen, 2010; Fuglestvedt et al., 2010; Lee et al., 2010; Eyring et al., 2010; Uherek et al., 2010) . Studies consistently comparing the effects of land-based transport, shipping, and aviation mainly focused on atmospheric gas-phase chemistry, particularly of ozone (Hoor et al., 2009; Koffi et al., 2010; Hodnebrog et al., 2012) or on the RF and climate impacts (Fuglestvedt et al., 2008; Skeie et al., 2009; Balkanski et al., 2010; Myhre et al., 2011; Bauer and Menon, 2012; Olivié et al., 2012) . A corresponding analysis on the details of transport-induced global perturbations of specific aerosol compounds, aerosol particle number concentration and size distribution is desirable.
Hence, the goal of the present study is to provide a comprehensive model-based assessment of the impacts of the individual transport modes (land transport, shipping and aviation) on global aerosol. The EMAC-MADE global aerosol model is applied, which is capable to simultaneously track aerosol mass and number concentrations as well as the particle size distributions. This allows us to quantify aerosol impacts in terms of mass and particle number concentration, which are both essential indicators for air quality and climate issues. The applied version of the model also includes couplings of the aerosol microphysics to radiation and cloud schemes, which makes it possible to quantify the aerosol impact on Earth's radiation budget.
In order to assess uncertainties inherent in the simulations, a set of targeted sensitivity experiments is carried out. A possible source of uncertainty is related to the assumptions made to estimate particle number emissions from the aerosol mass emission rates. The number-to-mass ratio of emitted particle populations can significantly change in dispersing exhaust plumes (Kärcher et al., 2007; Petzold et al., 2008) . Therefore, the size-distribution parameters to be assumed in the large-scale simulation in order to characterize the numberto-mass ratio of particles emitted from different sources in different size ranges have to be decided. Since the model results can be significantly affected by these ratios Peters et al., 2012) , sensitivity studies with different assumptions about the size distribution of emitted particles are performed.
Moreover, the effects of varying assumptions about the aviation fuel sulfur content are studied. Simulations with reduced sulfur emissions are performed, motivated by a previous assessment by Unger (2011) , who suggested the use of desulfurized jet fuels as an effective mitigation strategy to reduce the climate effect of aviation. The impact of lowsulfur shipping fuels has been extensively explored in a previous work , whereas for land transport this issue is of limited interest given the very low sulfur content of present-day vehicle fuels (Uherek et al., 2010) . Sulfur reduction scenarios for these two sectors will therefore not be further analyzed in the present paper.
Finally, an additional set of simulations is devoted to the analysis of possible non-linearities in the aerosol effects from transport, a topic that has not been discussed previously. The impact of each sector is quantified by performing a reference simulation (including all emission sources) and comparing it with sensitivity experiments, in which the emissions from each individual transport sector are switched off (100 % perturbation method). As shown by Hoor et al. (2009) for transport-induced ozone perturbations, this may lead to misinterpretations since the concentration response can show a highly non-linear dependence on the magnitude of the emission perturbation. In such a case, the sum of the concentration changes obtained by applying the 100 % perturbation method to the individual sectors can strongly differ from the effect of neglecting transport emissions at all (see also Grewe et al., 2010) . To cope with such non-linearities, Hoor et al. (2009) proposed the so-called small-perturbation method, by reducing the emissions in each sector by a small fraction (5 % in their case) and then scaling the resulting impact to the total (100 %). Although they focused on ozone perturbations which are known to be highly non-linear, it is worthwhile to apply this method as an alternative to check for such non-linearities in the aerosol case as well.
In the present paper we focus on present-day (year 2000) emissions. The analysis of future impacts for the IPCC representative concentration pathways (RCP; Moss et al., 2010) , with attention to different regions (developed versus developing countries and growing economies), is intended to be the subject of a follow-up study.
The present paper is organized as follows: The description of the emission setup is provided in Sect. 2. Section 3 contains a summary of the performed experiments, including the related assumptions on size distributions of emitted aerosol particles. Simulated total aerosol concentrations (resulting from all emission sources) are presented in Sect. 4. The impacts of transport on aerosol distribution, including mass, number and size, are presented and discussed in Sects. 5 and 6, whereas the transport-induced changes in the radiation budget are covered in Sect. 7. Finally, non-linearities are analyzed in Sect. 8 and Sect. 9 summarizes the conclusions of this work. The EMAC-MADE global aerosol model is described in Appendix A, together with a short discussion about its evaluation. More details about the assumed size distributions of emitted particles are given in Appendix B. Appendix C provides the values of the transport-induced aerosol radiative forcing, which are presented as a barplot in the text. Acronyms and abbreviations used throughout the paper are listed in Appendix D.
Emission setup

Mass emission fluxes
The anthropogenic and biomass burning emissions for the year 2000 from the recent data set by Lamarque et al. (2010) are used as input to all simulations presented here. They include yearly and monthly emissions at 0.5 • resolution for gases (CO, NO x , non-methane hydrocarbons (NMHCs), NH 4 and SO 2 ) and aerosols (black and organic carbon) for 12 sectors (biomass burning and anthropogenic sources, including land-based transport, international shipping and aviation as individual sectors). The NMHC speciation is realized according to the speciation fractions by von Kuhlmann et al. (2003) , which are consistent with the chemical mechanism of EMAC. The injection heights for the anthropogenic sectors (6 levels in the range 45-800 m) and for biomass burning (6 levels in the range 0-6 km) are chosen according to Pozzer et al. (2009) and to the AeroCom recommendations (Dentener et al., 2006, hereafter D06) , respectively. Aviation emissions are distributed among 23 equally spaced altitude levels in the range 0-15 km, as in the QUANTIFY inventory .
Primary SO 4 emissions are derived as the 2.5 % mass fraction of SO 2 emissions (D06), with the exception of aviation, for which a 2.2 % fraction is assumed following Jurkat et al. (2011) . Primary SO 4 emissions from the anthropogenic nontransport sectors are neglected, following D06. Organic matter (OM) is scaled from organic carbon (OC) assuming a ratio OM / OC = 1.4 (D06). Emissions of wind-driven dust and of sulfur from volcanic activity (both explosive and continuously degassing events) are prescribed with the offline fields provided by AeroCom (D06). Wind-speed dependent emission of sea salt (NaCl) is computed online, according to the model of Guelle et al. (2001) . Our setup also includes emissions of DMS (Spiro et al., 1992) and of biogenic sources, including secondary organic aerosols (Guenther et al., 1995) .
Sulfur emissions from aviation, not available in the Lamarque et al. (2010) data set, are included by simply scaling aircraft BC emissions by the corresponding emission factors:
where F indicates the emission flux (emitted mass per unit time per unit volume) and EF is the emission factor (emitted mass per unit mass of burnt fuel). This simplified scaling neglects the fact that aircraft sulfur and black carbon emissions are not strictly proportional: While the emissions of black carbon depend, e.g., on fuel flow and engine type, the sulfur emissions are primarily a function of the fuel composition. The BC emission factor is estimated from the QUAN-TIFY inventory as the volume-weighted ratio between emission flux and fuel consumption at each altitude, on a yearly-average basis. This results in an emission 9942 M. Righi et al.: Global impact of the transport sectors on aerosol factor between 0.01 and 0.05 g(BC) kg −1 fuel (depending on the altitude), consistent with the 0.025 value suggested by Lee et al. (2010) . For the SO 2 emission factor, the value of 0.8 g(SO 2 ) kg −1 fuel given in Lee et al. (2010) is adopted. As mentioned above, 2.2 % of this emission is assigned to primary SO 4 , following Jurkat et al. (2011) . Emissions of volatile organic compounds from aircraft, which could also contribute to particle formation, are neglected since the corresponding emission factors are quite uncertain .
The global year 2000 emissions for the most relevant sectors and species and their relative contribution with respect to the total are summarized in Fig. 1 .
Number emission fluxes and size distributions of emitted particles
The aerosol module MADE employed in the present study describes the aerosol population using three log-normally distributed size modes (Aitken, accumulation and coarse mode) and is able to simulate both the aerosol mass and number concentration (see Appendix A1 for a detailed description). For this reason, the aerosol emissions must be split into the size modes and number emissions must be provided as well. This requires the assumption of a size distribution for the emitted particles. Here we consider prescribed size distributions expressed by a superposition of several size modes (Table 1) . The size distributions assumed for anthropogenic particles include a nucleation mode, an Aitken mode, and an accumulation mode. The distribution within each individual mode i is also described by the log-normal function, characterized by three parameters (see e.g., Seinfeld and Pandis, 1998) : The total number concentration N i of particles in the mode, their median diameter D g,i (equivalent to the geometric mean diameter) and the geometric standard deviation σ g,i .
The total volume concentration of the particles within the mode i can be calculated as
The splitting of the total emitted mass flux F M among the size modes of the model can be estimated from the relative volume concentrations f V ,i = V i / i V i of the corresponding emission modes as
Since the model subsumes nucleation and Aitken mode particles in a single mode (the model's Aitken mode), the emitted particles of these two size ranges are both assigned to the model's Aitken mode. By converting the emitted mass flux F M,i to an emitted volume flux F V ,i , the corresponding particle number emission flux F N,i can be calculated as In many cases, the emission of aerosol particles occurs on scales which cannot be resolved by large-scale models like EMAC. During the dispersion from the sources to larger scales the particle size distribution can undergo changes due to aging processes. As an example, Petzold et al. (2008) observed that the contribution of ultra-fine particles to the total number of particles measured in ship exhaust plumes decreases with plume age. They attribute these changes mainly to particle coagulation. To implicitly include subgrid-scale aging processes in large-scale model simulations, size distributions of aged exhaust particles can be assumed to characterize the number and size of emitted particles. However, it is questionable which state of particle aging should be taken as representative for global model applications. One of the goals of this study is to explore the consequences of such uncertainties for the large-scale transport-induced aerosol perturbations simulated here. To achieve this, we perform several sensitivity studies, varying the size distributions assumed for the particles emitted by each individual transport sector. We consider, for example, size distributions representative for roadside, urban background air, or ship and aircraft exhaust plumes of different ages. For each of the three sectors, a reference and two alternative size distributions are considered. These distributions are described in Sect. 3 and in Appendix B. The parameters of the underlying measured size distributions are given in Table 1 . Table 1 . Parameters of the size distributions considered to derive particle number emission fluxes from the mass fluxes of anthropogenic and biomass burning emissions. The nucleation, Aitken and accumulation modes are indicated by NUC, AKN and ACC, respectively. The parameters are used to assign the emitted particle mass to the different size modes and to calculate the corresponding number of emitted particles. The nucleation and Aitken modes are both assigned to the Aitken mode of MADE. 
Model simulations
The simulations presented in this paper are performed with the ECHAM/Messy Atmospheric Chemistry (EMAC) general circulation model (Roeckner et al., 2006; Jöckel et al., 2006) , coupled to the aerosol module MADE (Lauer et al., 2005 . A detailed description of the EMAC-MADE global model system is provided in Appendix A, including also an overview of the model evaluation.
Each experiment covers a period of 10 yr (plus 1 yr spinup) from 1996 to 2005. To minimize the differences in the dynamics of the experiments, model dynamics (vorticity, divergence, temperature, and surface pressure) is nudged (Jeuken et al., 1996) to the operational analysis data of the European Centre for Medium-range Weather Forecasts (ECMWF). Boundary conditions for long-lived species (CO 2 and CH 4 ) are provided to the model via the TNUDGE submodel (Kerkweg et al., 2006b) using the observed mixing ratios from the AGAGE database (Prinn et al., 2000) .
In the present study, the impact of transport sector emissions on aerosol and climate is quantified by means of a 100 % perturbation method. The effect of a given sector is estimated as the difference between the reference simulation (REF), which includes all emission sources, and a sensitivity experiment in which emissions from the given sector are completely switched off.
As shown by Hoor et al. (2009) , for the special case of transport-induced ozone production, the above approach can lead to an inaccurate estimate of the transport impacts, due to the non-linearities arising in the chemical system. To estimate the possible effects of such non-linearities, Hoor et al. (2009) alternatively proposed to use a small-scale perturbation approach, by reducing the emission of each specific source by a small fraction (5 % in their case) and then scaling the resulting perturbation to 100 %. Although non-linearities in the aerosol microphysics are expected to be smaller than the non-linearities related to ozone perturbations, we perform an additional set of three simulations, where emissions in each sector are reduced by 50 %. By comparing with the ref-erence simulation and scaling the results to 100 % the nonlinearities in aerosol impacts from transport sources can be estimated.
An additional set of model runs is performed to analyze the sensitivity of the results to the size distributions of the emitted particles. Two additional experiments for each transport sector are carried out. To have consistent emissions in the transport and non-transport related anthropogenic emission sectors, the sensitivity experiments have to be performed for both transport and other non-transport anthropogenic sectors.
The complete list of the experiments performed for this paper is provided in Table 2 . The sensitivity experiments with different assumptions on the size distributions are described in the following.
Land transport
Measurements of land transport aerosol emissions are usually taken at roadside. Particle measurements in the urban environment performed at larger distances to major roadways or other dominant sources can be used to characterize the properties of an urban background aerosol at larger scales. Hence, we use the parameters of the urban background particle size distributions to determine the number concentrations of particles emitted from land transport in the large-scale simulations performed here. For the reference simulation (AEROCOM_LAND) we follow the Ae-roCom recommendations as given in D06 (aerocom_land size distribution; Appendix B1). The two sensitivity studies YOUNG_LAND and AGED_LAND adopt the size distribution parameters measured by Birmili et al. (2009, hereafter B09) in the Berlin area, with two different aging states (young_land and aged_land size distributions, respectively; Appendix B1). To achieve a consistent representation of all kinds of anthropogenic aerosol, these size distribution parameters are applied not only to land transport, but also to other (non-transport) sectors of anthropogenic emissions (like energy production, industry, etc.). Table 2 . Summary of the simulations performed in this work, with the corresponding assumptions for emissions and particle size distributions. Since the reference simulation (REF) considers the aerocom_land, aged2_ship and high_air size distributions (for land transport, shipping and aviation, respectively), this experiment is also referred to as AEROCOM_LAND, AGED2_SHIP or HIGH_AIR in the text when referring to the specific sector. For the details about each size distribution see Appendix B. 
Shipping
The impact of emissions from international shipping on global aerosol was already explored in a previous modeling study by Righi et al. (2011) , mainly focusing on RF effects. Similar assumptions as made in that study are adopted here.
In particular, ship-induced particle emissions are described by taking into account measurements of the particle size distribution in an aging ship plume (Petzold et al., 2008) . The two sets of parameters obtained in these measurements are used to characterize the reference (AGED2_SHIP, considering the aged2_ship size distribution; Appendix B2) and the first sensitivity experiment (AGED1_SHIP, aged1_ship size distribution; Appendix B2). The second sensitivity experiment (AGEDALL_SHIP) considers a very aged population and is based on the AeroCom parameters (agedall_ship size distribution based on D06; Appendix B2).
Aviation
The reference (HIGH_AIR) and the first sensitivity (LOW_AIR) experiment both consider the size parameters measured by Petzold et al. (1999, hereafter P99) in the engine exhaust of a B737-300 aircraft (high_air and low_air size distributions, respectively; Appendix B3). These two experiments differ only in the assumed value of fuel sulfur content, corresponding to an emission index of 0.8 and 0.0052 g(SO 2 ) kg −1 fuel , respectively. The second sensitivity experiment (NUC_AIR, considering nuc_air size distribution, Appendix B3) includes an additional nucleation mode for sulfate, based on the simulation results of Kärcher et al. (2007, hereafter K07) .
Total aerosol concentrations
The total concentrations (resulting from all natural and anthropogenic emissions) of BC, SO 4 , NO 3 and fine ( 1 µm) particle numbers calculated in the reference simulation (REF) are plotted in Fig. 2 . Note that these concentrations should be interpreted as large-scale mean values representative for scales of several hundred kilometers, corresponding to the sizes of the model grid boxes. Smaller-scale phenomena such as the high local concentrations occurring in urban areas cannot be resolved.
The highest surface-level concentrations of BC (top row, left) are found over the continents, with values around 1 µg m −3 over the eastern USA, Europe, southern and eastern Asia, due to large anthropogenic emissions. Another maximum is obvious over central Africa and is due to intense biomass burning (forest and savanna fires). The zonal distribution (bottom row, left) shows the largest values close to the surface, mainly in the Northern Hemisphere, although aircraft emissions leave a signature around 250 hPa (see Sect. 5.4 for more details about aviation effects).
The surface-level distribution of SO 4 (top row, right) is basically determined by anthropogenic emissions, with the largest values (∼10 µg m −3 ) again over eastern USA, Europe, southern and eastern Asia. A striking feature of this distribution are the relatively large concentrations (∼ 1-2 µg m −3 ) over the oceans, in particular along the continental coastlines, occurring as a consequence of ship emissions (70 % of ship emissions occur within 400 km of the coastlines, Corbett et al., 1999) and/or of continental plumes (Sect. 5.3).
The aerosol nitrate distribution at the surface (middle row, left) shows a clear difference between Northern and Southern hemispheres. The highest values, around 2 µg m −3 , are found in correspondence of the major emission regions in North America, Europe and eastern Asia. Concentrations around 0.1 µg m −3 are simulated over the oceanic surface in the Northern Hemisphere.
The aerosol particle number concentration at the surface (middle row, right) closely matches the distribution of the mass concentrations, with maxima around 10 000 cm −3 and even more. As shown in Sect. 6, these large number concentrations have to be interpreted as a maximum estimate. The zonal distribution (bottom row, right) is characterized by two maxima, a spatially confined one at the surface in the northern midlatitudes and a globally extending one in the upper troposphere. While primary particle emissions contribute a large fraction of the maximum number concentrations close to the surface, the enhanced number concentrations at upper levels are mainly a consequence of new particle formation by nucleation.
Transport impacts on aerosol mass concentrations
General remarks
As a starting point for the analysis, the impact of transport emissions on global atmospheric mass burdens of different aerosol components is plotted in Fig. 3 , in terms of relative contributions to the total, e.g., as (REF-NOLAND)/REF for land transport. The goal is to identify the most relevant species for each sector, which will then be discussed in detail in the following sections. To this end, the burdens are computed by integrating the aerosol concentrations in those domains where emissions are likely to have their largest effects on total concentrations. This means that for land transport and shipping the integration includes only the continental and oceanic grid boxes, respectively, and is performed in the two lowermost model layers, corresponding to an altitude range of approximately 0-230 m. For aviation, concentrations are integrated globally in model layers 7 to 9 (altitude range of about 8-13 km), roughly corresponding to the cruise altitude of the commercial aircraft fleet.
BC and aerosol nitrate clearly dominate the aerosol burden from land transport, contributing 19.5 and 28.6 % of the total mass load close to the surface, respectively. This is not surprising, given the large amount of BC emitted by land transport, which corresponds to 17.1 % of the total (natural and anthropogenic) BC emissions in the year 2000 ( Fig. 1 ), one and two orders of magnitude larger than the contributions of shipping and aviation, respectively. The large contribution of NO 3 , on the other hand, can be explained by the high NO x emissions (28.5 % of total), but also by the low amounts of SO 4 available. This means that a lower amount of ammonia is involved in the neutralization reaction to form ammonium sulfate, and therefore an excess of ammonia is available to form ammonium nitrate. The contribution of land transport to the ammonium budget is found to be on the order of a few percent.
NO 3 also dominates the shipping sector burdens, with a large contribution from SO 4 as well. With regard to aerosol nitrate from ship-induced NO x , it should be mentioned that the uptake of nitrate in coarse mode particles is neglected in the simulations. The model considers only dust, sea salt and aerosol water in coarse particles. Due to this limitation, the simulated amount of ship-induced aerosol nitrate should be interpreted with care, since coarse sea salt particles are abundant over the ocean. BC, POM and NH 4 are characterized by low contributions, although one should not forget that ships are the only source of anthropogenic pollution in the marine boundary layer.
Aircraft emissions cause significant increases of the SO 4 and BC burden in the upper troposphere. In this region, the effect of aircraft induces also an interesting decrease in the NO 3 burden. This is caused by the formation of additional ammonium sulfate from aviation-induced SO 2 , which results in less ammonium available for the formation of ammonium nitrate, a typical effect in NH 3 -limited environments such as the upper troposphere (Unger et al., 2013) .
The geographical distributions of the transport-induced concentration changes of the individual aerosol constituents are discussed in detail in the following. Possible climate effects of the transport-induced aerosol changes are discussed in Sect. 7.
Land transport
The land transport effect on the BC surface-level concentration ( Fig. 4 , top-left panel) is mostly confined to the continents, with the largest mean values (∼ 1 µg m −3 ) over central Europe, eastern USA, southern and eastern Asia (in particular India, China, and Japan). Other major spots can be related to emissions originating from big metropolitan areas, like Los Angeles, Sao Paulo, Johannesburg, Cairo and Moscow. This pattern matches the emission pattern of land transport's BC. Significant concentrations of land-transportinduced BC can also be seen above the oceanic surface, off the coasts of the most polluted areas, with mean values around 0.05 µg m −3 . These features are more obvious in relative terms (Fig. 4 , bottom-left panel), with areas of about 30 % relative contribution, which extend over several hundreds kilometers over the ocean, as a result of the atmospheric transport of pollutants. Another interesting feature revealed by this panel is the low relative contribution of land transport emissions to the BC pollution in southern and eastern Asia (10-20 %), in spite of large absolute contributions. This is due to the fact that these regions are characterized by large emissions of BC from other sectors, like energy production, industry and domestic sources, which are quite low in Europe and North America. As a result, the relative contribution of land transport is highest over Europe and North America (60-70 %), where it can be identified as the largest source of surface-level BC pollution. This result is very important in view of current and future mitigation strategies and air pollution control measures.
In a previous study, Köhler et al. (2001) performed simulations with the ECHAM4.L39(DLR) general circulation model, including a simplified description of BC transport and deposition, with a global inventory for BC land transport emissions for the year 1993. Their simulations indicated a similar pattern for the impact of land transport on the BC concentration at the surface, with maxima in Europe, western USA and eastern Asia. The simulated changes in concentrations, however, were lower in their case, with values generally below 1 µg m −3 , in spite of a larger annual emission of BC (2.4 versus 1.3 Tg a −1 ). This discrepancy could result from the assumption of pre-defined atmospheric residence times of BC particles in the Köhler et al. (2001) study. The explicit simulation of the BC life cycle in the present study seems to result in distinctively longer residence times.
The land transport effect on the concentration of aerosol nitrate (Fig. 4 , top-right panel) is a general increase over the most populated continental areas. Compared to BC, the distribution appears more homogeneous, revealing a more efficient atmospheric transport over the continents. Such differences in the geographical pattern result also from NO 3 being a secondary aerosol component, which is formed from emitted NO x during the dispersion of the polluted air masses. The largest concentration increases (> 1 µg m −3 ) are found over southern Europe and northern India. It is also interesting to note that no significant changes in the NO 3 concentration are simulated for the tropical regions, probably due to the lower oxidation capacity in the tropics, which results from a less polluted background and reduces the HNO 3 production rate. The pattern of relative contributions roughly follows the pattern of absolute differences, with the remarkable exception of eastern Asia, where the relative contribution is much lower for the reason given above, and South America, where it is very large. This could be due to transport sources being the dominant NO x source in the latter region.
Shipping
The results shown in Fig. 3 suggest that sulfate is a substantial particle pollutant from shipping. Our simulations reveal that the long-term and large-scale mean surface-level concentration of SO 4 related to shipping can be higher than 1 µg m −3 near the European coastlines, especially in the Mediterranean, on the East Asian coastlines and off the western USA ( Fig. 5 , left panel). High average concentrations, in the range 0.2-1 µg m −3 , are found nearly everywhere over the oceans in the Northern Hemisphere. In the Southern Hemisphere, the impacts are generally lower, with the exception of some major shipping routes off the coast of Africa, South America and Australia. The impact of shipping-induced sulfate is significant not only above the ocean surface, but also over parts of the continents. Important ship-induced concentration increases are simulated for western Europe and northern Africa, and for the coastal areas of North America and eastern Asia. This can have detrimental effects on the air quality, and consequently on human health, in these regions Winebrake et al., 2009 ). In relative terms, the largest ship-induced contributions to aerosol sulfate are simulated for the northern Pacific Ocean in the latitude range 30-60 • N, with values larger than 50 %, and along the major routes of the northern Atlantic.
In a similar study with a previous version of the model, Lauer et al. (2007) reported comparable estimates for the impact of international shipping on SO 4 , considering different emission inventories. In particular their results for Inventory C, based on Wang et al. (2007) , are very similar to the ones presented here. This was expected, given that Inventory C and the inventory used here (Lamarque et al., 2010) are both based on the same geographical distribution of ship emissions (ICOADS), although Inventory C has 15 % lower SO 2 emissions (9.2 versus 10.8 Tg a −1 ).
Our present estimates are obtained considering year 2000 emissions. It can be expected that emissions from shipping will change in the near future, due to recent regulations introduced on shipping fuel sulfur content by the International Maritime Organization (IMO; Buhaug et al., 2009 ). According to such measures, the sulfur content is going to be reduced from the current (2010) global average value of 2.7 % (by mass) to 0.5 % by 2020, and to 0.1 % by 2015 in the so-called Sulfur Emissions Control Areas (SECAs, e.g., the North Sea and the Baltic Sea). This will lead to 40-60 % re-ductions in ship-induced, surface-level sulfur concentrations along the most traveled routes .
The shipping effect on NO 3 surface-level concentration (Fig. 5, right panel) is largest in the northern Pacific and around Europe, but also affects the European continental areas, with mean values in the range 0.1-0.5 µg m −3 . In spite of relatively low absolute values, the relative contributions (lower panel) are very large and above 50 % over most of the oceanic surface in the Northern Hemisphere and along the most traveled routes of the Southern Hemisphere, which results from the comparatively clean marine background. Figure 6 presents vertical distributions of zonal mean aviation-induced changes in the concentrations of BC, SO 4 and NO 3 . For the first two species, the impact is highest in the northern extratropical tropopause region, at around 250 hPa (∼ 10 km), i.e., at the typical cruise altitudes of commercial aircraft. Another striking feature can be identified close to the surface, below 800 hPa, around 30 • N. This is likely due to aircraft emissions released during landing, take-off and taxiing activity at airports. The impact on BC is essentially limited to these two regions, whereas the SO 4 signature is also visible in the Southern Hemisphere at higher altitudes (250 hPa and above). In absolute terms, the highest impact of BC from aircraft amounts to 0.05-0.1 ng m −3 at cruise altitude and up to 0.5 ng m −3 near the surface. The impact of SO 4 is much higher, reaching levels above 10 ng m −3 near the surface and of 2-5 ng m −3 at cruise altitude. In relative terms, the impact of aviation is relevant only at cruise altitude, with values around 3 to 5 %, while close to the surface other sources dominate.
Aviation
The aviation-induced NO 3 perturbation shows a completely different pattern. In the northern midlatitudes the effect of aviation emissions is a net decrease of about 1 ng m −3 (more than 20 % in relative terms). The reason for this decrease is the relatively high amount of sulfate generated by aircraft emissions at these altitudes. As discussed in Sect. 5.1, this results in an increasing amount of ammonium sulfate at the expense of ammonium nitrate. At lower altitudes and close to the surface where more ammonium is available, the effect of aviation is an increase in aerosol nitrate concentration of about 5-10 ng m −3 .
In a previous model study with ECHAM4, Hendricks et al. (2004) reported an aviation BC impact of 0.02-0.05 ng m −3 , slightly lower than our present value, in spite of comparable total BC emissions from this sector (∼ 0.005 Tg a −1 ). Relative impacts of aviation on BC were also reported to be below 10 % by Liu et al. (2009) using the NCAR CAM3 general circulation model coupled to the IMPACT global aerosol model.
Unger (2011) used the NASA GISS ModelE to calculate the aviation impacts on sulfate and nitrate for standard and desulfurized fuels. The resulting patterns closely match those presented in Fig. 6 for the same species, although the relative impacts of aviation-induced sulfur calculated by Unger (2011) are significantly higher for both the standard and the desulfurized fuel case. This is probably due to the higher sulfur content assumed in that study for both fuel types (1.2 versus 0.8 and 0.03 versus 0.0052 g(SO 2 ) kg −1 fuel , for standard and the desulfurized fuel, respectively). A better agreement between Unger (2011) and our results is found for NO 3 .
6 Transport impacts on aerosol number concentrations and size distribution
General remarks
The impact of a given source on aerosol number concentrations is strongly dependent on the size distribution of particles emitted by that source. The assumptions about the parameters describing the size distributions of emitted particles in model simulations are a significant source of uncertainty. This is due to the relatively limited number of available observational data that constrains the parameters, as well as to intrinsic difficulties in their determination. Size distributions of aerosol induced by emissions from the transport sectors can be influenced by the ambient conditions, which can be highly variable in the global domain. Moreover, global models cannot resolve the typical spatial scales of the emission sources, and the processes occurring during the evolution of exhaust on subgrid scales must remain hidden. As discussed in Sect. 2.2, in the present work we aim at quantifying the related uncertainties by means of a set of sensitivity experiments with different size distributions representative for different aging states of the emitted particles. The results are discussed in this section. In analogy to the discussion of mass concentrations (Sect. 5), we use the tropospheric aerosol (number) burdens as a starting point. The relative contributions of the transport sectors to the number burden in the Aitken and accumulation modes as simulated by the model are shown in Fig. 7 , for each individual sector and the corresponding sensitivity experiments. As for the mass burdens presented in Fig. 3 , the contributions of land transport and shipping are integrated over the continents and over the oceans, respectively, considering the two lowermost model layers (∼ 0-230 m). The aviation contribution is integrated globally in the 8-13 km altitude range.
Applying the land transport aerosol size distribution used as reference (aerocom_land, from D06) provides similar results as the application of the young_land distribution based on the observations of B09. The two respective experiments (AEROCOM_LAND and YOUNG_LAND) result in similar contributions to the total aerosol number burden close to the surface (about 14 and 9 % for the Aitken and accumulation modes, respectively). This is an important result, that supports the AeroCom recommendations with the size distribution parameters gained from observations in the urban environment. The other sensitivity run for land transport (AGED_LAND) assumes a more aged aerosol population in the emission calculations and results in a lower relative contribution to the modeled number burden, a factor of 2-3 less than the first two cases. Another interesting difference is the relative importance of the Aitken and accumulation mode. In the AEROCOM_LAND and YOUNG_LAND experiments, land-transport-related particles have a distinctively larger contribution to the number burden of particles in the Aitken mode size range than to the burden of particles in accumulation mode. In the AGED_LAND experiment, the two contributions are similar.
For ship-induced particles, two different size distributions observed in aged ship-plumes (aged2_ship and aged1_ship) as well as a very aged size distribution (agedall_ship) are considered to estimate particle number emissions. In analogy to the results by Righi et al. (2011) , the AGED2_SHIP and AGED1_SHIP experiments show similar results. The largest differences occur in the Aitken mode where the AGED1_SHIP case shows a slightly larger ship-induced particle number contribution. The extreme AGEDALL_SHIP case, with no emission in the Aitken mode, results in a similar accumulation mode particle number contribution as in the AGED1_SHIP and AGED2_SHIP experiments. However, there is nearly no effect on the Aitken mode, since only emissions of larger particles are considered. The small contribution simulated for the Aitken mode size range is due to the nucleation of new particles induced by the formation of gaseous sulfate from ship-induced SO 2 .
For the aviation sector, the LOW_AIR and the NUC_AIR experiments are intended to represent two extreme cases, respectively accounting for a minimum and maximum estimate of the number of particles emitted by aircraft (see Appendix B3). Compared to HIGH_AIR, the NUC_AIR case shows indeed a larger aviation-induced particle contribution to the Aitken mode, but the difference is small, while for the accumulation mode the two values are almost identical. A much lower burden is obtained for the LOW_AIR case, as expected, revealing the high importance of fuel sulfur content in determining the number budget in the upper troposphere. Such a strong reduction is very relevant in view of future prospects for low-sulfur fuels in aviation and is discussed in more detail in the following sections. The results presented in Fig. 7 indicate that a range of possible contributions to the total particle number burden can be found for each sector. We will interpret these ranges in terms of uncertainties inherent in the simulations of the effects of transport emissions on the large-scale aerosol particle number burdens. The reasons for these uncertainties are subgrid-scale transformations and, in the specific case of aviation, variations in aircraft fuel sulfur content. The quantified uncertainties will be considered to derive uncertainty ranges of the climate effects of transport-induced aerosol in Sect. 7.
In the following, we analyze the spatial distributions of the number perturbations with a particular focus on those cases that span the range of uncertainties discussed above.
Land transport
The impact of land transport on the global surface-level distribution of the aerosol number concentration of fine particles (Aitken and accumulation modes, with diameter less than about 1 µm) as obtained in the reference simulation (AERO-COM_LAND) is presented in the left panel in Fig. 8 . The pattern closely matches the BC impacts ( Fig. 4, left panel) :
The largest changes are found over the eastern USA, eastern South America, western Europe, the Arabian Peninsula and southern and eastern Asia, where the land transport contribution to number concentrations is about 2000-5000 cm −3 . This corresponds to a relative contribution of about 30-50 %, with the exception of southern and eastern Asia, where the presence of other sources of pollution results in a less pronounced relative impact of land transport, as already discussed in the previous section.
The land transport effect is very sensitive to the assumptions on the size distribution of particles emitted by this source. The experiment considering a very aged particle size distribution (AGED_LAND), where very fine anthropogenic particles (NUC mode in Table 1 ) are assumed to be removed by uptake in larger particles, reveals a much smaller impact on the large-scale number concentrations ( Fig. 8, right  panel) . Although the geographical distribution appears very similar, changes in number concentration are about one order of magnitude lower than in the reference case, around 200-500 cm −3 , with a relative contribution of about 20-30 % in the most affected regions.
The loss of very fine emitted particles, due to coagulation with larger particles, cannot be fully represented in the largescale models since urban plumes with high concentrations of aerosol are not resolved. Due to the dependence of the loss efficiency on the number concentration of the larger particles, the loss is probably underestimated and the number concentration of very fine particles might be too high in the reference simulation. In the AGED_LAND experiment, we assume that the emitted very fine particles are completely taken up by the larger ones on subgrid scales. Hence the large-scale number concentration of fine particles is probably underestimated. We conclude from this analysis that the two model simulations AEROCOM_LAND and AGED_LAND span the range of uncertainty resulting from the coarse spatial resolution of the global model. A best estimate of the particle number perturbation is currently not possible, since an appropriate parameterization of subgrid-scale plume processes is not yet available. An option for future work could be the development of such a parametrization, by deriving fine particles loss rates from plume model simulations or from highresolution regional model experiments. The identification of a best estimate by evaluation of the modeled particle number concentrations with measurements is also critical. The available station data usually represents specific local conditions, which limits the comparability of the measured concentrations with the large-scale concentrations simulated in global climate models (Aquila et al., 2011) .
The effect of land transport emissions on the particle size distribution is shown in the left panel in Fig. 9 , for the continental regions, in the two lowermost model layers. The AEROCOM_LAND and YOUNG_LAND experiments show similar results (confirming the findings discussed in Sect. 6.1). The largest impact of land transport emissions on number concentrations occurs in the size range 30-50 nm, typical for the Aitken mode. The effect is shifted towards higher diameters, about 80-100 nm, when the aged_land distribution is used for the emitted particles and is characterized by a much smaller amplitude. We can draw the general conclusion that land transport has the potential to cause distinctive increases in the large-scale concentration of particles, particularly in the size range from about 10 to 200 nm.
Shipping
In the case of shipping, the sensitivity of particle number concentration effects to the adopted size distribution is smaller than for land transport. In Figure 10 , the impact on number concentration for the AGED2_SHIP and AGEDALL_SHIP experiments is shown. The largest changes along the most traveled routes are around 200 and 100 cm −3 in the two experiments, respectively.
As shown in Fig. 7 , the Aitken mode is more sensitive to the choice of the size distribution than the accumulation mode. When comparing the AGED2_SHIP to the AGEDALL_SHIP experiment, a compensation effect is evident, since the large decrease in Aitken mode particle number concentration is partly compensated by an increase in the number of accumulation mode particles. This partly explains the relatively low impact of the adopted size distribution on the total number concentration of fine particles. If the individual size modes are considered, the impact can be much larger. An additional reason is that ultra-fine particles are efficiently taken up by larger aerosol particles in ship plumes and thus are almost completely missing in the aged ship emission plumes considered here (Petzold et al., 2008) . Therefore the large uncertainties resulting from the fate of these particles are not relevant for the shipping sector. An analysis of the changes in the median particle size distribution ( Fig. 9 , middle panel) reveals that shipping emissions result in a significant decrease in the concentration of particles with sizes in the range of 5-20 nm and a comparatively large concentration increase in the 20-200 nm size range. This result supports the findings of Lauer et al. (2007) that global ship emissions result in an increase in the concentration of aerosol particles serving as cloud condensation nuclei. The simulation AGEDALL_SHIP, which does not include emissions in the Aitken mode, results in a similar size distribution change, but with lower amplitude for both size modes.
Aviation
The modeled changes in number concentrations induced by aircraft emissions are mainly confined to the northern midlat-itudes, at cruise altitude (Fig. 11 ). This was expected, since changes in mass concentration are also largest in this region. The mean increase in particle number concentration in this area amounts to about 1000-2000 cm −3 in the two experiments with high fuel sulfur content (HIGH_AIR and NUC_AIR), with a relative impact of about 30-40 %. The differences between the HIGH_AIR and NUC_AIR experiments are quite small, revealing that the consideration of aircraft-generated particles in the nucleation mode size range does not induce significant changes in the average number concentrations. The reasons for this effect can be twofold. On the one hand, gaseous sulfate produced from aircraft exhaust can nucleate new very fine particles in the HIGH_AIR experiment, while in NUC_AIR the sulfate might predominantly condense on the abundant preexisting fine particles. This might result in similar concentrations of very fine particles in the two experiments. On the other hand, the nucleation mode particles emitted in the NUC_AIR simulation are subject to coagulation. Although less efficient in the upper troposphere than at the ground, this process might lead to a significant reduction of the number concentration of the very fine emitted particles in the NUC_AIR experiment, forcing the total concentration towards that obtained in the HIGH_AIR simulation. A slightly higher impact on the number concentration, however, can be identified for the NUC_AIR experiment, especially in the levels below 400 hPa.
The low-sulfur experiment LOW_AIR shows a significantly lower impact on number concentration, roughly 200-500 cm −3 , and only a few percent in relative terms. This reveals that the uncertainties of the aviation effect on total aerosol particle number concentrations are largely due to assumptions on the fuel sulfur content.
Again, these findings are supported by the size-resolved median number concentrations shown in Fig. 9 (right panel) . The two high-sulfur experiments show nearly identical aircraft effects on the aerosol size distribution, with a very sharp peak at 4-5 nm and similar amplitude. The low-sulfur experiment has a similar shape but a much smaller amplitude. The analysis further reveals that large effects of aircraft emissions on the large-scale aerosol particle number concentration can be expected in particular for fine particles with sizes below about 20 nm.
Transport impacts on Earth's radiation budget
Methods
The aerosol-radiation and aerosol-cloud coupling parameterizations implemented in the model allow us to estimate the impact of transport-induced aerosol changes on Earth's radiation budget.
Common methods to derive aerosol radiative forcing (RF) from global model results are mostly based on the analysis of the mean top-of-the-atmosphere (ToA) radiative flux differences resulting from aerosol perturbations (e.g., Lohmann and Feichter, 2005; Schulz et al., 2006) . Here, we derive the aerosol RF induced by a specific transport sector as the difference in the global multi-year average ToA all-sky (cloudy and clear-sky) radiative flux F all between the experiments with (w) and without (wo) the emissions from the given sector:
In order to isolate the aerosol effects, the concentrations of the radiatively active gases (other than water vapor) are kept constant in the radiation scheme of the model, and only the aerosol perturbations and the related changes in clouds and water vapor are considered. Hence, the calculated aerosol RF includes the contribution of the direct effect (scattering and absorption of radiation; Ångström, 1962), of the indirect effect (changes in cloud albedo and lifetime; Twomey, 1977; Albrecht, 1989) and of the semi-direct effect (cloud droplet evaporation due to aerosol-induced heating; Ackerman et al., 2000) . A full separation of these effects would require a very large number of model experiments and is beyond the scope of the current study. Nevertheless, a rough impression on the relative importance of the direct effect compared to the total aerosol forcing can be gained by considering the clear-sky forcing: which is derived from radiative flux calculations neglecting the effects of clouds. The clear-sky forcing, however, can be modulated by feedbacks of cloud changes on other quantities, such as specific humidity or temperature, and by the related radiative impacts. The remaining forcing (i.e., the difference between RF all and RF clear , sometimes defined as cloud forcing) can be taken as a measure of radiative effects induced by cloud changes (indirect and semi-direct effects) resulting from transport-induced aerosol perturbations. In the following, we will discuss both all-sky and clear-sky aerosol RF. The corresponding Eqs. (5) and (6) are applied to both the shortwave (solar, 0.28-4 µm in EMAC) and longwave (thermal, 3.3-1000 µm) spectral ranges. For assessing the radiative impacts of transport-induced aerosol perturbations and for comparison with the effects of other transportinduced species, we will mainly rely on the all-sky forcing. We will use the clear-sky forcing for interpreting the results with regard to the relative importance of aerosol direct effects and aerosol-induced cloud changes.
The results of the calculations outlined above are summarized in Fig. 12 for the three transport sectors and for the various sensitivity experiments. The plotted values refer to the combined (shortwave + longwave) band. Results for the two bands separately are provided in Table C1 . In order to put the aerosol RF results into a broader perspective, Figure 12 also shows the effects of other relevant species, as reported in the literature (see Sausen et al., 2012 , for a summary). In particular, we compare aerosol impacts with the effects of CO 2 (warming) and NO x emissions, the latter resulting in O 3 production (warming) and loss of CH 4 (cooling). In the case of aviation, the effect of contrail cirrus (warming) is considered as well. 
Land transport
According to our simulations, the global aerosol RF for the land transport sector is in the range of −80.7 to −11.8 mW m −2 , depending on the assumed size distribution of emitted particles, with the upper limit of this range not statistically different from zero to a 95 % confidence level. The corresponding clear-sky forcings are found to be non-significant, revealing that most of the land transport aerosol RF is due to cloud effects. A notable exception is the YOUNG_LAND experiment, for which a significant clearsky forcing is calculated (about 10 % of the all-sky forcing). However, the all-sky effect is still dominated by cloudradiation interactions. In a previous model study, Balkanski et al. (2010) calculated the aerosol direct effect of road traffic and found values in the range of 29.1 to 41.4 mW m −2 . The difference to our clear-sky value could be due to the fact that our value does not consider the effects of aerosol above clouds, which can be quite important for BC aerosol. Other reasons could be the feedback of the cloud changes on the clear-sky flux or differences in the assumed emissions. Balkanski et al. (2010) used a factor of 1.9 less BC (implying less warming) but also a factor of 2.3 less POM and of 2.2 less SO 2 , both resulting in much less cooling. Our results are closer to the estimate for the direct effect suggested by Fuglestvedt et al. (2008) , who obtained a direct RF of 3.3 ± 11 mW m −2 , using similar aerosol and aerosol precursors emission totals for the land transport sector as Fig. 12 . Multi-year average (1996 Multi-year average ( -2005 all-sky and clear-sky radiative forcings (in units of mW m −2 ) of transport-induced aerosol perturbations calculated for the different model experiments. Non-significant values according to a uni-variate t test (5 % error probability) are marked with the × symbol. The error bars refer to the 95 % confidence intervals, based on the interannual variability of the forcings. The white bars on the right side of each panel represent the RF for CO 2 , ozone, methane and for contrail cirrus in the aviation case, as derived from other studies (see text for the corresponding references). Note the different vertical scales. in our study. Opposite conclusions about the all-sky landtransport-induced aerosol RF were reached by Bauer and Menon (2012) . Based on the GISS-MATRIX model and on the same emission inventories as in the present study, they reported a positive global total radiative forcing from land transport around 50 mW m −2 (with quite large uncertainties) resulting from the combination of indirect and semi-direct effects, while the direct effect was found to be small.
For the combination of road transport and railways, Uherek et al. (2010) , based on Fuglestvedt et al. (2008) , give a range of 158 to 195 mW m −2 for land-transport-induced CO 2 , 19 to 91 mW m −2 for O 3 and −29 to −5 mW m −2 for CH 4 (year 2000 values with respect to the preindustrial times). The results of the present study reveal that the RF of land-transport-induced aerosol can be of similar magnitude as the ozone and methane effects. Furthermore, the aerosolrelated climate impacts can be significant in counteracting the warming effect of CO 2 emissions.
Shipping
Our results reveal that shipping is the transport sector with the largest aerosol RF, in the range of −222.0 to −153.3 mW m −2 , with a dominant (between 80 and 86 %) contribution from cloud forcing. The range of cloud forcings simulated with our approach is in good agreement with the recent studies by Lauer et al. (2007) , Righi et al. (2011) and Peters et al. (2012) . Bauer and Menon (2012) also found a negative total radiative forcing from shipping of about −100 mW m −2 (mostly due to the semi-direct effect), which is about a factor of 2 smaller than the values calculated by our model. A dependence of the ship-induced cloud forcing on the number of emitted particles is evident in our simulations, with the largest (smallest) value simulated for the AGED1_SHIP (AGEDALL_SHIP) simulation, which is the experiment with the largest (smallest) amount of emitted particles. This confirms the conclusions of Righi et al. (2011) , who used the same assumptions about the size distributions of the emitted particles, but different emission data sets, as in the present study. Such a dependence is further supported by the results of Peters et al. (2012) , who found the strongest (weakest) effect for the experiment with the largest (smallest) amount of emitted particles. The clear-sky RF obtained here is about 15-20 % of the total, a conclusion also reached by Lauer et al. (2007) and Righi et al. (2011) for the direct effect. Our simulated clear-sky RF is also close to the estimate of Balkanski et al. (2010) , and the RF values are pretty stable against the size distribution assumptions, due to the similar size of particles across the three assumed distributions.
Our simulations show that the aerosol effects are the major contribution to the total radiative forcing attributed to the emissions of the shipping sector. According to Eyring et al. (2010) , the forcing from ship-induced CO 2 is in the range of 28 to 47 mW m −2 , while O 3 and CH 4 induce forcings in the ranges of 10 to 50 mW m −2 and −69 to −14 mW m −2 , respectively (year 2005 values with respect to preindustrial times). The large aerosol effect from shipping, however, could experience a strong reduction in the near future, due to recent regulation in shipping fuel sulfur content (Buhaug et al., 2009, see also Sect. 5 .3 of the present study), which are expected to reduce both the concentration of sulfate aerosol in the marine boundary layer and the resulting cooling from the cloud albedo effect Fuglestvedt et al., 2009) .
Aviation
For aviation-induced aerosol, our model calculates an allsky RF in the range of −69.5 to 2.4 mW m −2 , with the upper limit not statistically different from zero to a 95 % confidence level. Also in this case, aerosol-related changes in cloud forcing have a major contribution. Significant values for the all-sky RF are simulated only in the HIGH_AIR (−15.4 mW m −2 ) and NUC_AIR (-69.5 mW m −2 ) experiments. It is interesting that, although both the HIGH_AIR and NUC_AIR experiments include significant emissions of sulfate from aircraft, the latter experiment results in a much larger cloud forcing. This is due to the larger number of emitted particles in the NUC_AIR experiment. These particles can grow and act as cloud condensation nuclei, perturbing the cloud microphysical structure and increasing the cloud albedo. This demonstrates that the assumptions on the subgrid-scale transformations of aviation-induced particles are of key relevance. To investigate which kind of clouds are substantially perturbed by aircraft emissions in this experiment, we analyzed the changes in cloud droplet and ice crystal number concentrations and effective radius induced by aviation emissions at different model levels. The results (not shown) suggest that changes in cloud droplet number concentration and effective radius primarily occur close to the surface, implying that the perturbations to low clouds are responsible for the comparatively large aviation-induced cloud effect in the NUC_AIR experiment. This is also consistent with the comparatively large aerosol particle number concentration increase in the lower troposphere obtained in this experiment (Fig. 11) . The ice crystal number concentration, on the contrary, does not show remarkable changes, and only a small increase in ice particle effective radius is found around 500 hPa. It should be noted that our model considers cirrus cloud formation by homogeneous freezing of supercooled liquid solution aerosol but does not include heterogeneous nucleation of ice crystals on aircraft-generated black carbon aerosol, which is currently discussed as a potential mechanism affecting cirrus clouds (e.g., Liu et al., 2009; Hendricks et al., 2011) .
A significant impact of aviation sulfate on liquid clouds at altitudes below the main cruise levels is also suggested in a recent study by Gettelman and Chen (2013) with the NCAR CAM5 global model. Previous studies on the RF impacts of aviation reported an aerosol direct effect with highly uncertain values in the range of −28 to 20 mW m −2 , resulting from the opposite contribution of sulfate cooling and BC warming. Unger (2011) also reported direct RF effects from individual aerosol components, with an even smaller total direct effect of only a few mW m −2 . The order of magnitude of the clear-sky RF calculated for the different experiments in the present work are consistent with these previous findings.
The simulated RF of aviation-induced aerosol are partly larger than the corresponding CO 2 effect, from 15 to 41 mW m −2 ) (year 2005 values with respect to preindustrial times). The effects of O 3 and CH 4 for aviation are very uncertain, from 9 to 82 and −76 to −2 mW m −2 , respectively, which makes it quite difficult to draw a conclusion on their relative importance with re-spect to the aerosol RF. However, the results of the present study show that the aerosol effect could be of the same magnitude. A similar conclusion can be drawn when comparing the aerosol effect to the contrail cirrus RF which is estimated to be in the range of 10 to 80 mW m −2 Burkhardt and Kärcher, 2011) .
Effect of non-linearities
Possible non-linearities in the dependence of the traffic impacts on the amount of emitted aerosol and aerosol precursor gases are discussed in this section. As detailed in Sect. 3, for each of the three sectors we performed an additional perturbation experiment, in which traffic emissions are reduced by 50 % only. The resulting impact on a quantity X is then scaled to a 100 % reduction as assumed in the standard experiments. For example, for land transport:
This can be compared to the impact obtained by the 100 % perturbation method (switching off the given transport emissions, e.g., land transport):
We interpret the difference 100 (X) − 2 × 50 (X) as an indicator of possible non-linearities. The choice of 50 % as a threshold value, in contrast to a much smaller value of 5 % adopted, for example, by Hoor et al. (2009) , is motivated by the necessity of extracting a statistically significant signal, given that a full decoupling of aerosol processes and model dynamics (in analogy to the chemistry-dynamics decoupling applied in chemistry-transport models) is a non-trivial task. Aerosol effects on cloud formation are considered as a key feature in the present simulations, therefore the quantification of emission-induced aerosol changes in the model output can be interfered by dynamical feedbacks. The panels in Fig. 13 show the relative difference [ 100 (X) − 2 × 50 (X)] / 100 (X) for the different transport sectors. Only the most relevant species for each sector are presented. For BC (shown only for land transport, top left) and POM (not shown), there is almost no significant difference between the two methods, revealing an almost linear response for all transport sectors. The other species, for which chemical processes are involved, show more significant non-linearities. For land-transport-induced SO 4 (top right), the differences amount to 20-30 % in the western USA and over the Arabian Peninsula. Similar values are also found for the effect of land transport emissions on aerosol nitrate and NH 4 (not shown). A significant non-linear response of SO 4 is seen also in the shipping case (middle left). The difference between the 100 (X) and the 2 × 50 (X) effects amounts to 10-20 % in the regions where the impact was found to be relevant (see Sect. 5.3). Even stronger nonlinearities are found in the polar regions, but shipping effects Fig. 13 . Multi-year average (1996 Multi-year average ( -2005 of the relative difference ( 100 − 2 × 50 ) / 100 , quantifying the effect of non-linearities on the estimated impact of the different transport sectors on aerosol concentrations. Selected species for land transport (top, surface-level concentration), shipping (middle, surface-level concentration) and aviation (bottom, zonally averaged concentration) are plotted. Grid points where the difference is not statistically significant according to a uni-variate t test (5 % error probability) are masked out in gray. are only small in these areas. The largest non-linearities for the shipping sector are simulated for NO 3 (middle right), with values larger than 40 % over the oceans of the Northern Hemisphere. An important reason for these effects could be non-linearities in the formation of HNO 3 from OH and NO 2 . Due to changes in the OH to HO 2 ratio induced by changes in the NO x concentration (e.g., Seinfeld and Pandis, 1998) , the HNO 3 formation rate depends non-linearly on the availability of NO x . This consequently leads to nonlinearities also in the formation of aerosol nitrate. In addition, it results in a strong non-linear response of aerosol ammonium (around 20-40 %, not shown) in cases when ammonium nitrate is formed. The dependence of OH levels on NO x can also be an important reason for the non-linearities of the SO 4 response discussed above, since OH controls the oxidation of SO 2 in the gas phase. The impacts of the aviation sector are remarkably linear for all species, with the exception of aerosol nitrate (bottom right), where non-linearities of 10-20 % occur, although the number of significant points is quite small. The corresponding non-linearities in aerosol number concentration response (not shown) are found to be small for all transport sectors (mostly within 10 %) in the areas where the effects are relevant.
The non-linear response of the aerosol perturbation can of course have an impact on the RF estimated for the transport sectors. We therefore compare the RF values calculated with the 100 % (REF case) and with the scaled 50 % perturbation method in Fig. 12 (gray vs. green bars) and in Table C1 . Significant values are found only for the land transport and shipping cases. For the latter, the response is quite linear (less than 10 % deviation), whereas in the case of land transport the non-linearities seem to be important (almost a factor of 2 difference between the 100 % and the scaled 50 % case). No conclusions can be drawn for aviation, given the nonsignificance of the scaled RF value for this sector.
The non-linearities identified in the signals induced by land transport emissions show that the perturbation method applied here is of limited capability with regard to the quantification of transport-related contributions to atmospheric aerosol components and resulting radiative forcing. Other methods, such as tagging (Grewe, 2013) , should be further developed to track aerosol effects in detailed large-scale simulations. The non-linearities also reveal that applications of the obtained results to evaluate mitigation measures by means of linear extrapolations may suffer from large uncertainties.
Conclusions
We performed global model simulations to quantify the impact of land transport, shipping and aviation emissions on global aerosol distributions (both in terms of mass and number concentrations) and to estimate the resulting effect on Earth's radiation budget. The quantification of the impacts on particle number concentration suffers from uncertainties that derive from microphysical transformations in the fresh exhaust, which cannot be resolved with the coarse spatial resolution of global climate models. To assess these uncertainties, we additionally performed a set of model experiments where subgrid-scale particle transformations are implicitly taken into account by assuming aged particle size distributions to derive the number and size of emitted particles. A further set of simulations was conducted to explore the possible non-linearities in the dependence of aerosol effects on the amount of transport emissions.
The main conclusions of this paper can be summarized as follows.
1. The effects of the three transport sectors are well separated in terms of species and spatial distribution, with different sources acting on different domains. Land transport and shipping are most relevant on continents and oceans, respectively, while the aviation impact is largely confined to the northern hemispheric upper troposphere. Overlaps of the effect of land transport and shipping occur preferentially in the coastal regions, in particular for aerosol nitrate (NO 3 ), which shows large changes resulting from emissions of both sectors.
2. Land transport is an extremely important source of large-scale increases of the atmospheric particulate matter concentration at the surface in the USA, Europe and the Arabian Peninsula, with relative contributions to the black carbon concentration of up to 60-70 %. This sector has therefore a high potential for future mitigation policies and air pollution reduction programs. In southern and eastern Asia, the land transport relative contribution to black carbon is smaller (10-20 %) since other sources, like energy production, industrial and domestic activities are dominant. The emissions from land transport also result in significant increases in the NO 3 concentration over the continents in the Northern Hemisphere. The simulated land-transport-induced perturbations of the particle number concentration at surface level depend on the size distribution assumed for the emitted particles. The large-scale mean changes range between 1000 and 5000 cm −3 and 100 and 500 cm −3 , deriving from the choice of two limiting cases considering size distributions typical for the urban background (with a relatively large amount of small particles) and a very aged particle population (with large particles only), respectively.
3. Sulfate and nitrate are the dominant aerosol components induced by ship emissions, with relative contributions to the large-scale mean surface-level concentration of each species ranging between 10 and 60 % in the main emission regions. The effects of ship emissions on atmospheric aerosol are mainly restricted to the oceans and coastal areas and occur mostly in the Northern Hemisphere, where the ship traffic volume is high. Harmful impacts in terms of air pollution and human health effects can be expected, in particular for urban settlements in the vicinity of major harbors and coastal shipping routes. Hence, policies already implemented to reduce the sulfur content of shipping fuel should have beneficial effects for air quality. The uncertainty in the simulated ship-induced changes in particle number concentrations is much lower than for land transport, since more detailed information about the aging of particle populations in ship plumes is available from measurements. The simulated changes in particle numbers due to shipping show a range of uncertainty of only a factor of 2. Increases in the mean particle number concentration of about 5-30 % are obtained in the main emission areas.
Since the ship-induced particles include a major fraction of large Aitken mode particles (D > 50 nm), ship emissions could be an important source of cloud condensation nuclei over the oceans. 4. The model results reveal that aircraft emissions increase the mean mass concentration of both black carbon and sulfate by 3-5 % around the main flight levels in the northern extratropics. Even though the largest absolute effects on the aerosol mass concentrations are simulated for the lower troposphere (due to aircraft activities around major airports), the corresponding relative effects are small on the large scale. The possibly large pollution effects close to airports are much below the scales resolved by the global model applied here. The simulations reveal that aviation emissions can induce increases in the mean particle number concentration of 10-30 % at the main flight altitudes in the Northern Hemisphere. These perturbations are larger than for the mass concentration, due to small-sized particles, in agreement with the findings of previous studies (e.g., Hendricks et al., 2004) . The simulated number concentration impacts are more sensitive to the assumed fuel sulfur content than to the choice of size distributions characterizing the emitted particle population. The consideration of freshly nucleating exhaust particles in the model has only a small effect on the mean aircraft-induced number perturbation at cruise altitude, which on the other hand is markedly reduced when a low-sulfur fuel is considered. At lower levels the sensitivity to the size distribution assumptions is larger, resulting in an increased uncertainty in the simulated particle number effects.
5. The aerosol perturbations induced by the three transport sectors significantly alter Earth's radiation budget. Our model simulations suggest that the bulk of the transport-induced aerosol radiative forcing is attributable to aerosol-induced cloud changes for all three sectors. The strongest radiative forcing is found for shipping (−222.0 to −153.3 mW m −2 ), followed by land transport (−80.7 to −11.8 mW m −2 ) and aviation (−69.5 to 2.4 mW m −2 ). These numbers reveal that aerosols are an important component in determining the climate impact of the transport sectors. The aerosol effects are comparable and often larger than the effects of CO 2 , ozone and methane, and should therefore be considered in future mitigation strategies.
6. The response of the aerosol distribution to the transport emissions is approximately linear for black carbon, particulate organic matter and particle number, for all transport sectors. Non-linearities are found for NO 3 , NH 4 and SO 4 , since the amount of these aerosol components in the model depends on the efficiency of specific gas and liquid phase chemical processes which can show a highly non-linear dependence on the availability of the emitted species. This results in nonlinearities also in the aerosol-induced radiative forcing of the transport sectors, especially in the case of landbased transport. Consequently, an application of the results obtained here to evaluate mitigation measures by means of linear extrapolations can be critical.
Several improvements are desirable in order to refine the results of this work. The uncertainties due to the assumptions on subgrid-scale particle number transformations reveal that more detailed methods should be developed to address this issue. Parameterizations derived, for example, from regional model simulations and/or observational data could help to improve the representation of subgrid-scale transformation in global models. Large transport-induced increases in particle number could occur for specific particle types, like soot particles. This however could not be investigated with the current model, which does not distinguish such different particles. Further analysis with more comprehensive global aerosol models (e.g., Aquila et al., 2011) is necessary to disentangle such effects. The climate impacts of the transport sources should be analyzed in further detail, by separating the contribution of the individual aerosol components and, possibly, even of different particle types.
The present study demonstrates that aerosol changes induced by emissions from the transport sectors can be very relevant with regard to anthropogenic climate change. Since further growth of the transport sectors is expected in the near future, transport-induced aerosol changes and the resulting radiative forcing in different future scenarios should be the subject of follow-up studies. The ECHAM/MESSy Atmospheric Chemistry (EMAC) model is a numerical chemistry and climate simulation system that includes submodels describing tropospheric and stratospheric processes . The Modular Earth Submodel System (MESSy) provides the framework to link multi-institutional computer codes. The core atmospheric model is the 5th generation European Centre HAMburg general circulation model (ECHAM5; Roeckner et al., 2006) . EMAC (ECHAM5 version 5.3.01, MESSy version 1.4) is applied in the T42L19 spectral resolution for the present work, i.e., with a triangular truncation at great circle wave number 42 (corresponding to a Gaussian latitudelongitude grid of about 2.8 • × 2.8 • ) with 19 vertical hybrid σ -pressure levels from the surface to the top model layer, centered at 10 hPa (∼ 30 km).
Aerosol microphysics is simulated using the submodel MADE (Ackermann et al., 1998) adapted for use in EMAC (Lauer et al., 2005 . MADE describes the aerosol population by means of three log-normal size modes: An Aitken mode (consisting of particles smaller than about 100 nm), an accumulation mode (in the size range of about 100 nm to 1 µm) and a coarse mode (for particles larger than about 1 µm). The considered aerosol components are hydrophilic and hydrophobic BC and POM, sulfate (SO 4 ), nitrate (NO 3 ) and ammonium (NH 4 ), mineral dust, sea salt and aerosol water. The particles are assumed to be spherical and in an internal mixture. The aerosol population is simulated taking into account nucleation of new particles, condensation of sulfuric acid vapor and condensable organic compounds, and coagulation. The uptake of water and gas/particle partitioning of semi-volatile trace constituents is implemented according to Metzger et al. (2002) . For the present study, in order to improve the computational efficiency, a simplified chemistry scheme is adopted including basic tropospheric background chemistry (NO x -HO x -CH 4 -CO-O 3 chemistry) and the sulfur cycle. The prognostic equations describing chemical transformations are solved with the MECCA submodel (Sander et al., 2005) . Liquid phase chemistry is calculated by the module SCAV . As shown by Lauer et al. (2005) , a simplified chemistry scheme does not significantly affect the model's capability of reproducing the measured surface mass concentrations of the main aerosol components and their geographical distribution, although some uncertainties can occur especially for aerosol nitrate (see Appendix A2). Size-and species-dependent wet and dry deposition are simulated by the EMAC submodules SCAV and DRYDEP (Kerkweg et al., 2006a) , respectively.
In the configuration used for this work , MADE is coupled to the radiation and cloud schemes. Aerosol activation and resulting cloud microphysical processes are described by the parameterization of Abdul-Razzak and Ghan (2000), coupled to the two-moment microphysical cloud scheme by Lohmann et al. (1999) and Lohmann (2002) . Aerosol optical depth, single scattering albedo and asymmetry factor are calculated according to the Mie theory as a function of aerosol size and chemical composition and form the input to the EMAC radiation scheme. The radiation scheme, on the other hand, is decoupled from the model chemistry; greenhouse gas concentrations are prescribed using an offline climatology for ozone (Fortuin and Kelder, 1998) and constant values representative of the year 2000 for the other gases (CO 2 , CH 4 , N 2 O, CFC-11 and CFC-12).
A2 Model evaluation
An extensive evaluation of EMAC-MADE was performed by Lauer et al. (2005 Lauer et al. ( , 2007 and Aquila et al. (2011) . They concluded that the model reproduces aerosol mass concentrations, their seasonal cycle and geographical distribution reasonably well, with differences between model and observations mostly within a factor of two. Larger discrepancies were found for aerosol nitrate, likely due to the use of a simplified chemistry scheme in the model. Number concentrations are also well simulated by the model, which is able to capture the differences between Northern and Southern hemispheres and, most importantly for the goals of the present study, between clean and polluted areas, with a good performance at all altitude levels of the troposphere.
With respect to the aforementioned studies, a different set of emission inventories is implemented here (see Sect. 2). Although a qualitative comparison with the results of Lauer et al. (2007) and Aquila et al. (2011) does not show striking differences in the distribution of aerosol mass and number concentration, the model performance is further evaluated here by comparing aerosol concentrations with upto-date station data, focusing on the regions of the globe characterized by high anthropogenic emissions. Following a similar method as adopted by Pringle et al. (2010) and Pozzer et al. (2012) , we consider data from the European Monitoring and Evaluation Programme (EMEP; Hjellbrekke and Fjaeraa, 2011) for Europe, the Clean Air Status and Trends NETwork (CASTNET; Edgerton et al., 1990) and the Interagency Monitoring of PROtected Visual Environments (IMPROVE; Hand et al., 2011) for North America, and the Acid deposition monitoring NETwork in East Asia (EANET; Totsuka et al., 2005) for Asia. Additionally, aerosol optical depth (AOD) is evaluated by comparison with the global sun photometer data of the AErosol RObotic NETwork (AERONET; Holben et al., 1998a, b) . Since MADE calculates AOD at a wavelength λ = 550 nm, the AERONET values of the Angstrom exponent (440/870 nm) and of the Table A1 . Summary of the comparison between model (m) and observations (o) for aerosol concentrations (EMEP, CASTNET, IMPROVE, EANET) and aerosol optical depth (AOD) at 550 nm (AERONET). Averagex and standard deviation σ (in units of µg m −3 , except AOD, which is dimensionless) are computed over all available observational data points N points in the time period 1996-2005. The standard deviation accounts for both temporal and spatial variations. % factor2 represents the percentage fraction of model data points showing simulated values within a factor of 2 of the observations. The different number of points for the different species is due to differences in station coverage and data availability. AOD at 440 nm are used to derive the AOD at 550 nm (see e.g., Santese et al., 2010) . The comparison between model and observations is performed using all observational data available for the simulated period (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) , on a monthly-mean basis. Model data is extracted for the grid boxes where the respective observational stations are located (co-located model and observational data) considering only those time periods covered by the observations. The relevant statistics for the resulting points are collected in Table A1 . In general, a reasonable agreement between model and observations is found. The ratio between model and observational averages is within a factor of two for all species and a large fraction of the concentrations and AODs modeled for the individual points lies within a factor of two compared to the corresponding observed values. The performance of EMAC-MADE according to this comparison is in line with the results of other global aerosol models (Pringle et al., 2010; Pozzer et al., 2012) .
We find a particularly good agreement between model and observations for PM 10 and PM 2.5 and for AOD (Table A1 ). The largest discrepancies are found for NO 3 , with less than 40 % of the points showing modeled concentrations within a factor of two of the observations. As stated above, this could be due to the simplified chemical mechanism adopted for our simulations. Interestingly, a relatively poor agreement for NO 3 (compared to other species) was also reported by Pozzer et al. (2012) using EMAC coupled to a different aerosol model (GMXe, Pringle et al., 2010) , at higher resolution and with a different set of emissions. Pozzer et al. (2012) noted that such discrepancy could be possibly due to measurement biases in the station networks related to the use of Teflon filters to determine nitrate concentrations. Difficulties in the evaluation of nitrate concentration in a global model were also reported by Bauer et al. (2007) , who ascribed them to the relatively short lifetime of aerosol nitrate, which can lead to large concentration gradients on spatial scales much smaller than the typical resolution of a global model (several hundreds kilometers). Other authors (Pye et al., 2009) suggested that NH 3 emissions could be a significant source of uncertainty for nitrate predictions. Table B1 . Assumed size distributions and resulting mass splitting and total particle number emissions for the reference and sensitivity experiments. The nucleation, Aitken and accumulation modes are indicated by NUC, AKN and ACC, respectively. The nucleation and Aitken modes are both assigned to the Aitken mode of MADE. The size distribution parameters for each size mode are given in Table 1 Appendix B
Size distributions of emitted particles
This section discusses the details of the assumed size distributions of the particles emitted by the three sectors (Sect. 2.2). For each sector, the size distribution details for the reference and two sensitivity experiments are presented. The resulting splitting of emitted mass in the size modes of MADE and the total number of particles emitted in each mode for the different experiments are summarized in Table B1 .
B1 Land transport
AEROCOM_LAND (identical to REF): for the reference experiment, the AeroCom recommendations (D06) are followed, assigning land transport and anthropogenic nontransport emissions to the Aitken mode, with a median diameter of 30 nm (aerocom_land size distribution). This is in reasonable agreement with the size distribution of particles in the nucleation and Aitken mode size range observed by B09 under urban background conditions (Table 1) . However, the observed distribution in this size range is wider and clearly shows a bimodal structure. The effects of these discrepancies are investigated in a targeted sensitivity study, described in the following. YOUNG_LAND: B09 provides a trimodal fit to the size distribution of background aerosol in urban areas. This is characterized by a nucleation/young Aitken mode (mostly sulfate and volatile compounds), an Aitken mode (mostly soot) and an accumulation mode, with median diameters of 18, 58 and 138 nm, respectively (considering the median values of all measured distributions). For this first sensitivity simulation, the emissions are assigned to the first two modes of B09 (young_land size distribution). However, these will be both part of the MADE Aitken mode (since MADE does not include an explicit nucleation mode). Therefore the AEROCOM_LAND and YOUNG_LAND experiments are identical in terms of mass splitting, while there are differences in terms of number emissions. In particular, the ratio between the total emitted numbers in these two cases is about 1.5 (calculated considering number emissions from land transport in all size modes, as given in Table B1 ).
AGED_LAND: to characterize a more aged aerosol population for land transport and anthropogenic non-transport emissions, this sensitivity experiment assumes that particles are described by both the Aitken and the accumulation mode of B09 (aged_land size distribution). With respect to the reference case, the median diameter of the particles is larger, resulting in about 24 times less particles (Table B1 ).
B2 Shipping
AGED2_SHIP (identical to REF): as a reference case, the AGED2 distribution of Righi et al. (2011) is used in this simulation, based on the measurements of Petzold et al. (2008) . Particle diameters in this size distribution are relatively large and describe the conditions in a ship plume about 1 h after emission. Due to coagulation with comparatively large soot Table C1 . Multi-year average (1996 Multi-year average ( -2005 all-sky and clear-sky radiative forcings (in units of mW m −2 ) of transport-induced aerosol perturbations calculated for the different model experiments. The results are shown for the shortwave, longwave and combined (shortwave + longwave) bands. Significant values according to a uni-variate t test (5 % error probability) are marked in bold. The 95 % confidence intervals are provided for the combined band. Note that due to rounding, the values for the combined bands may deviate from the sum of the corresponding shortwave and longwave values. The values for the combined band correspond to the radiative forcings presented in Fig. 12 particles emitted by ship engines, aerosol particles in the nucleation mode size range are removed quite rapidly in the plume. This is the reason for the large particle diameters assumed for ship-induced particles. AGED1_SHIP: Righi et al. (2011) also considered a second set of parameters, named AGED1, characterized by slightly different measured values, still describing an aged ship plume. These result in a different mass splitting with respect to AGED2_SHIP (Aitken/accumulation 96/4 % versus 80/20 %) and in a factor of about 1.7 more particles (Table B1).
AGEDALL_SHIP: as an extreme case, the effects of assuming a very aged aerosol population (agedall_ship size distribution) are investigated in this experiment. All particles are assigned to the accumulation mode, with a median diameter of 80 nm (as in D09). The resulting total number is about a factor of 3 less than in the reference AGED2_SHIP case (Table B1 ).
B3 Aviation
HIGH_AIR (identical to REF): we consider a size distribution measured by P99 in the exhaust plume of a B737-300 aircraft. The age of the observed plume was less than 1 s. The measured size distribution includes an Aitken mode, composed of primary BC particles with a median diameter of 25 nm, and an accumulation mode of larger particles (150 nm). For aircraft-generated BC particles, a vertical variation of the number-to-mass ratio (Hendricks et al., 2004 ) is additionally assumed. The fuel sulfur content during the P99 experiment was very low (2.6 mg(S) kg −1 fuel ), corresponding to an emission index of 0.0052 g(SO 2 ) kg −1 fuel , and different from the value assumed here (0.8 g(SO 2 ) kg −1 fuel ; Lee et al., 2010) .
LOW_AIR: the fuel sulfur content in jet fuels is expected to decrease in the future, as a strategy to improve air quality near airports (Unger, 2011) . A simulation with a reduced fuel sulfur content of 2.6 mg(S) kg −1 fuel is performed in this sensitivity study, according to P99.
NUC_AIR: according to the simulations of K07, nucleation mode particles (size of about 3 nm) have still survived in the aircraft plume after 24 h. This is mainly due to the swift plume dilution, which leads to an inefficient coagulation. This sensitivity experiment considers the nucleation mode as described by K07 for sulfate particles. BC particles, on the other hand, are assigned according to P99 as in the reference simulation. This assumption generates a large number of particles and can be regarded as a maximum estimate for the number of emitted particles, in contrast to the reference simulation which can be considered as a minimum estimate, because it does not include nucleating particles. Since K07 does not provide fitting parameters for the nucleation mode, a median wet diameter of 3.5 nm and a standard deviation of 1.7, consistently with the nucleation scheme of MADE (see e.g., Aquila et al., 2011) , are used. The conversion from wet to dry diameter is realized considering the typical ratio D wet /D dry (for D wet < 10 nm) in the North Atlantic flight corridor (45-60 • N, 10-55 • W and 10-12 km altitude) as simulated in the reference experiment. Typical ratios are within the range 1.2-1.6, with an average of about 1.4. This gives a median dry diameter for the nucleation mode: D dry = 3.5 nm/1.4 = 2.5 nm. The fuel sulfur content in this experiment is the same as in the reference simulation. 
Transport-induced aerosol RF effects
The aerosol radiative forcing effects induced by transport emissions were discussed in Sect. 7 and the results for the combined shortwave+longwave bands were summarized in Fig. 12 . Table C1 provides the corresponding values, including the shortwave and longwave bands separately. 
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Acronyms and abbreviations
